We proposed to exploit phosphomolybdic acid (PMA) as a cost-efficient MoO x source for combined spincoating/sputtering/spin-coating deposition of a MoO x /Au/MoO x (MAM) composite electrode. The bottom PMA layer provides perfect wetting conditions for ultrathin Au film sputtering and prevents the formation of gold islands on the glass surface, while the top PMA layer helps to reduce light reflection. By optimizing the thickness of ultrathin Au films and PMA layers, we achieved maximum transmittance of 79% at 550 nm and a sheet resistance of only 22 U sq À1 which is comparable to the resistance of ITO substrates (20 U sq
Introduction
Conductive transparent electrodes (CTE) are of great value for the fabrication of optoelectronic devices such as solar cells and displays.
1,2 Besides high conductivity and transparency in the visible light region, the exibility of CTE is highly desired. Currently, conductive oxides (indium tin oxide, ITO and uo-rine doped tin oxide, FTO) are the most frequently used as a transparent electrode in optoelectronic devices. Although their transmission is negligible in the visible light region, its limitations including poor exibility, high production costs, and low work function are still disruptive problems. Consequently, many alternative CTE have been explored including highly-conductive polymers, e.g. PEDOT:PSS, 3, 4 Ag nanowires, 5 graphene, [6] [7] [8] carbon nanotubes, 9,10 metal grids, 11, 12 or hybrid structures.
13,14
Particular attention has been also devoted to ultrathin metal lms which have been already demonstrated to work as efficient electrodes in both top-and bottom-emitting organic lightemitting diodes (OLEDs) [15] [16] [17] [18] and in top-emitting quantum-dot light-emitting diodes (QLEDs). 19, 20 Transmittance of ultrathin metal is considerably improved aer embedding thin metal lm in dielectric layers of vacuum-deposited high refractive index oxides which are responsible for reectance reduction due to light coupling with surface plasmon polaritons (SPP) at a metal/ oxide interface. 21 These oxide/metal/oxide multilayers have been already investigated in various combinations including metal oxides: MoO 3 , 22,23 WO 3 , 24, 25 ZnO, 26 ZnS, 27 as well as different metals: gold, 28 silver, 29 or copper. 30 Although silver is the most promising metal due to its champion conductivity and low cost, it has a lower work function in contrast to gold which is tailored better to most of organic hole transport layers (HTLs).
In this paper, we propose to use cost-efficient solutionprocessed phosphomolybdic acid (PMA) instead of thermally evaporated MoO 3 to fabricate MAM multilayer. We describe the procedure of deposition and transmittance optimization of ultrathin Au lm embedded in PMA bilayer and demonstrate that it can be applied to regular bottom-emitting QLED where it serves as a bi-functional layer, i.e. transparent electrode and hole injection layer (HIL). In the end, the MAM electrode is examined in the context of exible QLED fabrication.
has been recognized as an effective approach to improve the homogeneity of the metal lm. Metal oxides or ultrathin metal layer is typically introduced to assure continuous layer growth, although other techniques, e.g. metal doping, have been also proposed. 23 Molybdenum oxide (MoO 3 ) is particularly favoured as a wetting layer because it can serve simultaneously as a hole injection layer (HIL) and is compatible with optoelectronic applications.
We proposed to use combined sequential spin-coating/ sputtering/spin-coating method to deposit MoO x /Au/MoO x multilayer electrode which is time-saving and cost-efficient compared to thermal evaporation. There are several solutionprocessed MoO x precursors including phosphomolybdic acid hydrate (PMAH), 35 ammonium molybdate, 36 molybdenyl acetylacetonate (MoO 2 (Acac) 2 ), 37 MoO 3 nanoparticles, 38 or peroxomolybdic acid.
39 Among them, PMAH, which is heteropoly acid containing MoO 3 units closed within Keggin structure, has been identied as particularly versatile MoO x precursor because of its high solubility in polar solvents, tunable work function, low thin lm surface roughness, and relatively low post-annealing temperature. 35, 40 Importantly, PMA has been already examined as the HIL in organic photovoltaic cells (OPVs), 41 OLEDs, 35 and recently, also in QLEDs.
42,43
During deposition of PMA/Au/PMA multilayer, we encountered a problem of dissolving the bottom PMA layer by the top PMA. To solve that problem, we used a procedure of PMA reduction by baking PMA before thin lm deposition. The baking process under oxygen-free conditions causes partial reduction of Mo(VI) to Mo(V) which results in a gradual colour change from green to bluish (see Fig. S1a -c, ESI †). Reduced PMA has been already proposed as a post-annealing free HIL in OLED device, 44 and it seems to be suitable for roomtemperature processing of exible conductive substrates. Reduced PMA is more soluble in acetonitrile (ACN) that in isopropanol (IPA), but we noticed that thin lms prepared by spin-coating are easily ushed by ACN while IPA has no effect on lm thickness. Additionally, the stability of reduced PMA is much better when stored in IPA.
44
Except for Au, Ag thin lm was also examined as a conductive interlayer but we discovered that PMA etches Ag due to its acidic nature forming a bluish solution which might indicate the reduction of Mo(VI) oxidation state to Mo(V). Although reduced PMA is no longer aggressive to Ag, its incorporation into PMA/ Ag/PMA electrode requires further investigation and is beyond the scope of this paper.
Au lms were deposited on cleaned quartz coated glass by sputtering with a constant rate and the thickness of lms was determined by atomic force microscopy (AFM) (Fig. S2, ESI †) . However, obtained Au lms have poor transmittance especially in the longer wavelength region (Fig. 1a) . The characteristic shape of transmission is readily attributed to the presence of Au grains instead of the continuous layer. The absorption in the blue wavelength region increases with thicker lms and is affected by the absorption of light by interband electronic transitions. 45 The maxima located at 500-520 nm are associated with light absorption on free electrons, whereas transmission minima in the red region of spectra might be explained by excitation of localized surface plasmon-polariton (SPP) which depends on size and shape of Au grains. 46 The redshi of minima for thicker Au lms is connected to a larger size of these grains. AFM image of Au lm on glass reveals a corrugated surface with lots of perforations ( respectively, but they exceed 10 6 U sq À1 for all thinner samples indicating discontinuous nature of these lms and lack of percolation pathways. In contrast to bare Au lms, PMA/Au lms have superior transmittance with a peak located between 550 and 600 nm (Fig. 1a) . Minima in the red region, which are distinctive for SPP in grainy lms, are no longer observed that suggests continuous lms formation. The thicker Au lm, the higher transmittance enhancement in the red region of the spectrum is observed. At the same time, absorption in the blue region increases. Sheet resistances of all PMA/Au bilayers are below 60 U sq À1 (Fig. 1b) .
Analysis of AFM images conrms that PMA, which surface has RMS roughness of only 0.22 nm, provides perfect conditions for continuous and smooth Au lm growth ( much lower than Au on bare glass 0.48 nm. Both transmittance enhancement and sheet resistance reduction are the effect of continuous Au layer formation and support the claim that PMA enhances Au adhesion and supports grains coalescence. Results show that 1.2 nm of PMA layer is enough for transmittance enhancement in the visible light region and that thicker PMA layer has only a detrimental effect on transparency due to higher absorption of PMA in the UV range (Fig. S4a, ESI †) . Further optimization of the MAM electrode was performed by comparing sheet resistance and transmittance of asdeposited PMA/Au lms. It was decided that around 7 nm Au (sputtered for 18 s) is a fair compromise between transmittance in the visible light region and sheet resistance which is comparable to that of ITO substrates (20 U sq À1 ). Selected sample was coated with top PMA layer resulting in a reduction of light reection and further transmittance enhancement as shown in Fig. 2a . The effect of top PMA thickness on PMA/Au/ PMA transmittance is shown in Fig. S4b (see ESI †). Optimum transmittance was achieved for PMA concentration of 15 mg ml À1 since the thicker lm has started to reduce transmittance in the UV light region. It was discovered that top PMA helps to reduce sheet resistance aer annealing at 150 C. This effect might be attributed to the enhancement of conductivity as a result of welding of Au lm discontinuities rather than PMA itself because no noticeable resistance reduction was observed for non-annealed PMA/Au. Complete MAM multilayer is yellowish due to high reectance at the blue light range. The champion MAM electrode has a peak transmittance of 80% and a sheet resistance of 21.7 AE 0.5 U sq À1 (Fig. 2b) .
QLED device based on MAM electrode
Optimized PMA/Au/PMA multilayer was investigated as a transparent conductive electrode integrated with QLED. A reference device has following structure: ITO (100 nm), reduced PMA ( structure and the average diameter of 13 nm which was determined from transmission electron microscopy (TEM) image (Fig. S5b, ESI †) . The photoluminescence quantum yield (PL QY) of QDs is 55% and the PL peak is located at 515 nm (Fig. S5a , ESI †). Additionally, the second reference device was prepared using poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS, 40 nm) instead of PMA. The MAM-based device was fabricated on a glass substrate covered with PMA/Au/PMA multilayer. PMA/Au/PEDOT:PSS multilayer was not considered because of poor wettability of Au surface by PEDOT:PSS. Energy band diagram of QLED and scheme of the device are shown in Fig. 3a and b. The work function (WF) of reduced PMA aer annealing is close to 5.8 eV, while the conduction band (CB) is located 0.5 eV above the Fermi level. 44 The WF of typical Au lm is in the range of 4.7-5.0 eV and does not differ signicantly from ITO WF (4.7 eV). Small hole injection barrier is benecial for charge generation at the HIL/HTL interface, where electrons are extracted from the HOMO level of p-TPD and transferred throughout CB of PMA towards Au electrode while generated holes are injected into the HTL. For all fabricated devices, sol-gel derived Zn 1Àx Mg x O (x ¼ 0.15) was applied as the electron transport layer (ETL). The optical bandgap of ZnMgO (3.5 eV) was estimated from absorbance (ABS) onset (see Fig. S6 , ESI †), and the valence band maximum was assumed to be consistent with the previous report.
47
The performance of the QLED devices with different electrodes is summarized in Fig. 4a and b. The turn-on voltages of all devices are nearly the same (2.5 V) and correspond closely to the bandgap of QDs (2.41 eV) which is calculated from ABS spectrum (Fig. S5a, ESI †) . The maximum values of external quantum efficiency (EQE) at 100 mA cm À2 of a reference QLEDs fabricated on ITO substrates with reduced PMA and PEDOT:PSS are 5.9% and 4.0% respectively (Fig. 4b) . Device with MAM electrode deposited on a glass substrate has EQE of 2.7%, although the luminance of all three devices is comparable. Electroluminescence (EL) spectrum of ITO-based QLED (shown in Fig. S8 , ESI †) is not shied relative to QDs PL spectrum but the tail in the longer wavelengths region of the spectrum is visible. For MAM-based QLED, this tail is smaller, probably due to a weak cavity effect. The angular emission patterns for both ITO and MAM-based devices were shown in Fig. S8 (ESI †). The Lambertian factor for standard ITO-based device was estimated at 0.94p and it is very close to standard Lambertian emission. The MAM-based device exhibits a factor of 0.76p that is related to more directional emission.
Flexible QLED based on MAM electrode
We demonstrate that MAM multilayer electrode might be used for exible QLED fabrication. Fig. 5a and b show MAM electrode on the glass and on the PET substrate. Bending tests were performed using different radii: 8 mm and 2 mm. For this aim, the custom-made bending machine was built (Fig. S8 , ESI †). Sheet resistance measured aer each number of cycles is shown in Fig. 6 . In contrast to ITO-coated PET, sheet resistance of PET/ MAM substrate is nearly insensitive to bending and it is increased by less than 10% aer over 10 4 bending cycles using bending radius as small as 2 mm.
Conclusions
To conclude, we have demonstrated a transparent conductive substrate composed of PMA/Au/PMA multilayer. The problem of the bottom PMA ushing was solved by PMA reduction. We discovered that the ultrathin PMA layer works as a wetting layer which enables uniform Au lm to be sputtered. Based on these results, optimization of PMA/Au was performed, and we achieved a transmittance of 75% which was further enhanced aer deposition of the top PMA. Consequently, complete PMA/Au/ PMA multilayer exhibited a peak transmittance of 80% and a sheet resistance of 21.7 U sq À1 . MAM was applied to QLED as a bi-functional layer to serve as the HIL and a transparent electrode. The EQE of 2.7% was achieved for MAM-based QLED, though its overall performance was lower than ITO-based counterpart which shows 5.7% EQE. However, an important advantage of MAM electrode was highlighted by demonstrating its superior durability during rigorous bending tests. We believe that the proposed fabrication method of MAM electrode using sequential spin-coating and sputtering could be extended to other large-scale printing methods which might be the next step towards the fabrication of transparent exible devices.
Experimental details

Materials
Reagents for the synthesis of QDs and sol-gel derived ZnMgO were delivered by Sigma-Aldrich and used as received, including cadmium oxide (CdO, 99.5%), selenium (99.99%), sulfur (99.98%), trioctylphosphine (TOP, 97%), zinc acetate (Zn(OAc) 2 , 99.99%), oleic acid (OA, 90%), oleylamine (OAm, 70%), 
Preparation
CdSe@ZnS/ZnS QDs. Composition-gradient CdSe@ZnS core-shell QDs were prepared by modied procedure used by Lee et al. 48 Initially, mixture of 18 mg of CdO (0.14 mmol), 626 mg of Zn(OAc) 2 (3.41 mmol), 7 ml of OA (22 mmol), and 15 ml of ODE were degassed in a 50 ml three-neck ask for 30 min and then heated to 305 C for 10 min. The colourless solution was degassed for 10 min. Then the temperature was raised to 310 C and the colourless mixture of S (2.5 mmol) and Se (1.5 mmol) dissolved in 2 ml of TOP was swily injected. QDs growth proceeded for 10 minutes and then S-ODE solution (1.6 mmol of S dissolved in 2.4 ml of ODE) was injected to continue reaction for the next 10 min. To coat compositiongradient QDs with a thick ZnS shell, separate solutions of zinc oleate Zn(OL) 2 (8.5 ml of stock solution) and S-TOP (10 mmol of S dissolved in 5 ml TOP) were slowly introduced for 10 min. Aer 30 min, the reaction mixture was cooled down. QDs were precipitated using ethanol and dispersed in hexane. Zn(OL) 2 stock solution. For the synthesis of Zn(OL) 2 stock solution, Zn(OAc) 2 (2 mmol), OA (4 mmol), and 6.7 ml of ODE were loaded in a 50 ml three-neck ask and degassed for 30 min at room temperature, and then heated to PMA/Au electrode. Transparent PMA/Au electrode was deposited sequentially on quartz coated glass (Ossila Ltd) by spin-coating and sputtering. Firstly, PMAH crystals were dehydrated and reduced by being annealed at 200 C in N 2 atmosphere for 5 h, and obtained powder was dissolved in isopropanol to produce dark bluish solution which was puried using 0.1 mm PTFE syringe lter. Reduced PMA solution with different concentration was spin-coated at 4000 rpm on substrates and annealed at 90 C for 10 min. Subsequently, 6-8 nm of gold was deposited by magnetron sputtering in Ar plasma at a rate of 6Å s À1 and the thickness of Au lm was varied by controlling the sputtering time. High repeatability of that process was veried by comparing transmittance spectra and sheet resistances of thin lms.
Device fabrication
Devices were fabricated in the nitrogen-lled glovebox on either ITO or PMA/Au electrodes. ITO substrates were cleaned sequentially with detergent, deionized water, isopropanol, and were treated for 15 min in UV-ozone cleaner. PMA/Au substrates were used without any treatment. Reduced PMA was spincoated (4000 rpm, 30 s) and annealed at 90 C for 10 min.
PEDOT:PSS was spin-coated (4000 rpm, 45 s) followed by baking at 150 C for 10 min in air. Double HIL composed of p-TPD and PVK was deposited by sequential spin-coating of p-TPD (10 mg ml À1 in chlorobenzene) and PVK (2.5 mg ml À1 in 1,4-dioxane) at 4000 rpm for 30 s and each layer was annealed at 140 C for 20 min. Then QDs dispersion (10 mg ml À1 in octane/hexane) was spin-coated at 2000 rpm for 20 s and annealed at 80 C for 10 min. ZnMgO sol was spin-coated at 4000 rpm and formed a gel which was annealed at 150 C for 15 min. Finally, 100 nmthick Al cathodes were sputtered. An emitting area of a pixel was estimated at 4.5 mm 2 . For the exible device, to prevent deformation of PET substrate, annealing temperatures of HTL and ETL were reduced to 110 C.
Measurements
J-V-L and EQE-J curves were measured using Keithley 2400 source-meter coupled with Konica Minolta LS-160 luminance meter. The angular emission pattern was measured using the luminance meter and a rotating stage. A calculated correction factor was used for EQE calculations. PL QY of QDs was estimated using the integration sphere (Gigahertz-Optic UPB-150-ART). UV-Vis PL spectra of QDs were collected by an optical ber and recorded using CCD spectrometer (AvaSpec-ULS2048XL), and 405 nm laser diode was used for excitation. A deuterium-halogen lamp was a broadband light source for ABS measurements. The sheet resistance of conductive substrates was measured using Ossila Four-Point Probe System. High-resolution transmission microscopy (HR-TEM) image of QDs was taken by JEOL-ARM-200F microscope. The thickness of thin lms was determined by Park Systems AFM.
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